Abstract. This paper describes the design of a 25 MW, 30 GHz gyroklystron amplifier based on a coaxial RF structure. The design includes an inverted magnetron injection gun (MIG) for positioning and cooling the inner conductor. The gun produces a very low spread beam that contributes to a device efficiency of 54%. Details are given of the gun, RF structure, input and output couplers and collector.
INTRODUCTION
Gyroklystrons have been shown to be efficient sources of high power radiation at frequencies above X-band [1, 2] . Such sources are of interest for driving advanced linear accelerators due to the scaling (to some point) of the accelerating gradient with frequency. In this paper, we describe the results of a design study to determine the feasibility of a 25 MW, 30 GHz gyroklystron with a coaxial RF structure. An initial application of this device is testing accelerator structures on the Compact Linear Collider (CLIC).
The design includes a novel inverted magnetron injection gun (MIG) that allows support and cooling of the coaxial inner conductor of the circuit. This gun provides a very high quality electron beam. This, along with the use of the TE 01 mode in all cavities, makes it possible to achieve an efficiency of 54%.
A summary of the design parameters are given in Table 1 and a solid model of the tube is shown in Fig. 1 . 
ELECTRON GUN
The electron gun is a Magnetron Injection Gun (MIG) with an inverted geometry. As shown in Fig. 2 , the cathode is outside of the anode, which is formed by the inner conductor. This allows support of the inner conductor from both the gun and collector ends of the gyroklystron for precise alignment and water-cooling. As will be shown, this also allows the use of a novel technique for extracting the RF power. To adjust the velocity ratio, alpha, of the gun, a mod anode was included as a coaxial member around the inner conductor in the gun region. The parameters of the gun are summarized in Table 2 . The nominal gun voltage is 350 kV, the lowest voltage where space charge effects are low enough to produce a beam with low velocity spread. The parallel velocity spread due to optics and space charge is predicted to be 1.2%, and the total spread, including thermal and surface roughness effects, is approximately 3%. This extremely low spread provides high tube efficiency and is clearly an additional advantage of the inverted geometry. Since the current is temperature-limited, it can be adjusted independently of the voltage, the beam alpha and the spread in the perpendicular and parallel velocities are shown as a functions of beam current in Fig. 3 . The velocity spread generally decreases smoothly with current, indicating that the spread is due largely to space charge. It rises for very low current, because at that point the cathode focus electrode shaping over-compensates for space charge. The spread at 10% above nominal operating current is still low.
To allow adjustment of the beam alpha while maintaining beam position and total energy, a "modulating anode" was included as a cylinder around the inner conductor. The effects of varying the mod anode potential by -10 kV and + 5 kV are shown in Fig. 4 . Alpha can be varied as required for optimization [1] with little degradation in velocity spread. It is noted that the mod anode voltage can also be used to compensate for slight changes in the cathode magnetic field that might be required to adjust the beam position in the RF structure. The electric field magnitudes in the diode region of the gun are shown in Fig. 5 . The maximum fields on the cathode and mod anode are 124 kV/cm and 156 kV/cm, respectively. For the mod anode, the product of the peak field and the voltage is 5,460 kV 2 /mm. This is well below the nominal limit of 8,600 kV 2 /mm given by Durand and Shroff [3] for negative electrodes for a 2-microsecond pulse. A positive electrode will be significantly less susceptible to breakdown. The potential-field product for the peak field on the cathode focus electrode is 4,340 kV 2 /mm, about one-half of the limit. Thus, with reasonably careful surface preparation and processing, the gun should be free from breakdown.
RF CAVITY STRUCTURE
Several alternative designs were explored, with the final design consisting of five TE 01 cavities with a coaxial center conductor. The center conductor eliminates a number of potential parasitic modes and provides a much larger operating parameter range. Other than at the output coupler, discussed below, the inner conductor was smooth. The design is shown in Fig. 6 .
Most of the design was performed using the simulation code MAGYKL [4] , and was based on experience in the design of several gyroklystrons at the University of Maryland [1, 2] .
The beam and tube parameters are summarized in Tables 1 and 2 . The beam is radially centered between the drift tunnel walls and the inner conductor. An average velocity ratio of α=1.5 (perpendicular velocity / parallel velocity) was chosen to achieve high conversion efficiency. The simulations include an axial velocity spread of 3%, but the performance does not degrade unacceptably with velocity spreads to 8.5%, as is discussed below.
A five-cavity system was selected to achieve the minimum gain of 50 dB with high efficiency. All cavities have essentially the same dimensions and are defined by a transition on the outer drift tube radius. The cavity lengths are identical. The outer radii vary for the last two cavities to achieve the ~ 230 MHz frequency detuning required for optimum efficiency. The first four cavities have a Q of 200, while the output cavity Q is 20% higher to maximize conversion efficiency.
The magnetic field used in the simulations was essentially flat over the length of the RF structure. Other profiles were investigated, but it was found that there was no improvement in performance.
The nominal drive frequency is 30 GHz, and the maximum efficiency is 54% with a large signal gain of 56 dB. Consequently, 33 MW of output power can be generated with a drive power under 100 W. This gives a comfortable margin over the 25 MW output power requirement.
The power, efficiency and gain as a functions of magnetic field are shown in Fig. 7 . Note that the gain can be adjusted over a wide range with only a small change in the Inner conductor outer conductor efficiency. The drive power required to achieve peak efficiency is 83 W; however, an efficiency of over 50% can be obtained, at least in principle, with a drive power of less than 0.1 W. The tube becomes unstable for magnetic fields larger than 14.8 kG, but this is well away from the point of optimum efficiency. Simulations predict that all cavities are unconditionally stable for the anticipated operating parameters. The output cavity will be stable for a velocity ratio of 1.5 below 14.9 kG, and the buncher cavities will be stable below 15.3 kG. At the lower velocity ratio all cavities will be stable.
The stability of spurious modes was also examined, since the cavities can support several modes with non-zero azimuthal indices. There was sufficient spacing between the operating mode and the potential parasitic modes. Only a TM 1n1 mode exhibited a start oscillation curve that was close to the TE 011 mode. All other modes were trivially stable. The nominal design values are for a 3% parallel velocity spread. While the gun simulations discussed below predict this value for the velocity spread, there is the obvious concern with the effect of larger spreads on the efficiency. Fig. 8 shows that the efficiency drops from 54% with a 3% velocity spread to 43% with a 6% spread for a nominal magnetic field of 14.3 kG. An efficiency of 40% will provide the required output power of 25 kW, so even this doubling of the spread would be acceptable. Some of the efficiency can be recovered by operating at a higher magnetic field. The output cavity becomes unstable with a magnetic field of 14.9 kG and a velocity spread of 9%. The efficiency for these values is 39.5%, just slightly under that which would yield the required 25 MW power level. Thus, any spread up to approximately 8.5% should enable the peak power requirement to be achieved in a zero-drive stable tube.
Unforeseen stability problems have been known to force operation of a gyroklystron with a reduced alpha. The efficiency, gain, and drive power for the 30 GHz gyroklystron as a function of alpha are plotted in Fig. 9 . Note that an efficiency of over 40% is predicted for alpha greater than 1.15, which should give adequate flexibility. 
COLLECTOR
The collector with the spent (with RF) beam is shown in Fig. 10 . The peak power density for the normal operating condition with RF is about 290 kW/cm 2 . A thermal analysis indicates that the maximum transient temperature rise will be 150°C to a peak of 240°C. This temperature rise and peak temperature are typical for high peak power collectors. The maximum average power density at full duty is 144 W/cm 2 . This can be handled easily with conventional cooling.
OUTPUT COUPLER
The application for CLIC requires a TE 01 mode in circular guide. This mode was achieved by coupling directly through the inner conductor, as shown in Fig. 11 . The coupler consists of a break in the inner conductor that couples the TE 01 mode of the cavity to the same mode inside the inner conductor. Ten pins are used to mechanically connect the two sections of the inner conductor. The number of pins was chosen to exceed the azimuthal eigenumber of the highest order coaxial mode that can exist in the cavity. Placement of the pins turned out to be quite critical, particularly in minimizing the magnitude of the RF fields in the gap. Also important was a rod on center, making the inner waveguide coaxial. That rod will be tapered to a stop downstream of the coupling region. HFSS simulations are shown in Figs. 12 and 13. Good uniformity of the fields in the azimuthal plane indicates high mode purity. The RF electric field normal to the pin surface was examined carefully. The maximum field is approximately 23 MV/m, just above one-half of the 40 MV/m that is considered the limit for fields normal to conductors for microsecond pulses.
The RF power loading, calculated using HFSS is shown in Fig. 14. The peak power density is 250 kW/cm 2 , which would result in a rise of over 100 °C; however, this is only on the sharp corners of the coupling slot. A maximum density of 100 kW/cm 2 is found elsewhere. The field at the edges of the slots can undoubtedly be decreased by radiusing. Research at Stanford Linear Accelerator Center indicates that temperature rises below 100°C will not result in plastic deformation in copper [5] . Consequently, these are consistent with long cavity lifetime with acceptable temperature increases. If, in the output coupler, it is not possible to reduce the power density at the corners, we will use Glidcop instead of copper. The temperature rise at the corners is predicted to be about 109 °C. Previous studies have shown that Glidcop can withstand temperature gradients up to about 150 °C in microsecond pulses without damage. For a duty factor of 0.00024 (2 microsecond pulse at 120 Hz), the maximum average heating is 31 W/cm 2 . This is a very small heat load. With drilled cooling channels, the maximum temperature rise in the outer wall of the cavity is 7°C.
Cooling of the inner conductor can be provided from both the gun and collector ends of the structure. Cooling from the gun end can be done through the interior of the inner conductor using oil. The cooling can be brought up to the short where the output waveguide begins. Conduction through the copper is more than adequate to cool the inner conductor between the short and the cavity. Even with 1% of the beam power intercepted by the inner conductor, at 1 liter/min of oil flow, the temperature rise in the coolant would be less than 10°C.
On the output side, since the inner conductor serves as a waveguide, cooling will be done via conduction to a cooling jacket around the output waveguide in the collector. This looks feasible even when taking into account the fact that the diameter of the cooling jacket must be small enough to fit through the outer conductor of the cavity. Modeling indicates that maximum temperature is 148°C, well within acceptable limits.
INPUT CAVITY
The input cavity incorporates a wrap-round converter. This configuration is widely used for coupling from rectangular waveguide into TE 01 cavities in gyroklystrons [6] . Again, 10 slots were chosen to avoid excitation of high order azimuthal modes. The converter, as modeled in HFSS is shown in Fig. 15 . The Q of the cavity due to the output guide is 400, which when combined with loading due to lossy rings will give the required total Q of 200. The field in the cavity has no visible variation around the azimuth, as is expected for a pure TE 01 mode. 
OUTPUT WINDOW
The gyroklystron will use a TE 01 output window scaled from one designed and tested by CCR in a previous program. The window is in TE 01 waveguide, with nonlinear tapers to minimize excitation of the TE 02 mode. The window has a passband well in excess of the 80 MHz of the gyroklystron. In the passband, the reflected power is less than -36 dB. The window uses a quarter-wavelength thick alumina dielectric in a traveling wave design. This minimizes the field at the window face. For 33 MW, the peak field will be 3.4 MV/m, which is below the limit of 4 MV/m.
SUMMARY
All of the design goals were met or exceeded, and a robust design was created. The predicted efficiency is 54%, yielding a power that is 32% over the design goal. The operating space is comfortably large, with the tube being stable over a wide range of operating parameters. Alignment of the inner conductor, a significant problem in coaxial devices, is simplified by the inverted MIG. The CCR MIG produces a very high quality beam, which contributes significantly to the predicted high efficiency of the klystron. Output coupling is straightforward, and the TE 01 output mode is ideal for the intended application.
